Where Work was Performed: Animal Endocrine Clinic, New York, New York.

Presentation: Preliminary results of this study were presented at the 2017 ISFM World Feline Congress, Brighton, England.

TSH

:   thyroid‐stimulating hormone

T~4~

:   thyroxine

CKD

:   chronic kidney disease

SDMA

:   serum symmetric dimethylarginine

USG

:   urine specific gravity

IQR

:   interquartile range

cTSH

:   canine TSH

Hyperthyroidism can complicate (mask) the diagnosis of concurrent chronic kidney disease (CKD) because it increases glomerular filtration rate (GFR)[1](#jvim15036-bib-0001){ref-type="ref"}, [2](#jvim15036-bib-0002){ref-type="ref"}, [3](#jvim15036-bib-0003){ref-type="ref"}, [4](#jvim15036-bib-0004){ref-type="ref"} and decreases body muscle mass,[5](#jvim15036-bib-0005){ref-type="ref"} both of which lower serum creatinine concentrations. As a result, many hyperthyroid cats with concurrent CKD only develop azotemia after successful treatment when GFR and muscle mass return to euthyroid states.[1](#jvim15036-bib-0001){ref-type="ref"}, [2](#jvim15036-bib-0002){ref-type="ref"}, [6](#jvim15036-bib-0006){ref-type="ref"}, [7](#jvim15036-bib-0007){ref-type="ref"}, [8](#jvim15036-bib-0008){ref-type="ref"}, [9](#jvim15036-bib-0009){ref-type="ref"}, [10](#jvim15036-bib-0010){ref-type="ref"}, [11](#jvim15036-bib-0011){ref-type="ref"} Currently, no clinical test can reliably predict which hyperthyroid cats have concurrent, masked CKD.[4](#jvim15036-bib-0004){ref-type="ref"}, [9](#jvim15036-bib-0009){ref-type="ref"}, [12](#jvim15036-bib-0012){ref-type="ref"} Identifying these cats could influence the choice of treatment for hyperthyroidism, as well as the care taken to minimize post‐treatment iatrogenic hypothyroidism, which can worsen existing azotemia and shorten survival time in cats with CKD.[13](#jvim15036-bib-0013){ref-type="ref"}, [14](#jvim15036-bib-0014){ref-type="ref"} Predicting which untreated hyperthyroid cats have masked concurrent CKD might also allow clinicians to intervene earlier in the course of the disease.

In cats, symmetric dimethylarginine (SDMA) has emerged as a potential serum biomarker for early detection of CKD with potential advantages over both urea nitrogen and creatinine.[15](#jvim15036-bib-0015){ref-type="ref"}, [16](#jvim15036-bib-0016){ref-type="ref"} Symmetric dimethylarginine is a byproduct of cellular protein metabolism, specifically the intranuclear methylation of [l]{.smallcaps}‐arginine residues; after proteolysis, these free SDMA residues are then released into the circulation.[17](#jvim15036-bib-0017){ref-type="ref"} Symmetric dimethylarginine is not protein‐bound in plasma, is eliminated primarily via renal excretion (\>90%), is freely filtered by the glomerulus, and is not secreted or re‐absorbed by the tubules.[16](#jvim15036-bib-0016){ref-type="ref"}, [18](#jvim15036-bib-0018){ref-type="ref"} In cats, SDMA concentrations correlate with GFR in an inverse linear relationship, with SDMA increasing as GFR decreases.[16](#jvim15036-bib-0016){ref-type="ref"}, [19](#jvim15036-bib-0019){ref-type="ref"} All of these factors make SDMA a useful marker for GFR.

Previous studies have demonstrated a strong relationship between serum SDMA and creatinine concentrations.[15](#jvim15036-bib-0015){ref-type="ref"}, [19](#jvim15036-bib-0019){ref-type="ref"}, [20](#jvim15036-bib-0020){ref-type="ref"} Serum SDMA concentrations increase above normal when GFR decreases by approximately 40% below the normal rate,[15](#jvim15036-bib-0015){ref-type="ref"} much earlier than the 75% decrease in GFR typically required for creatinine concentrations to increase above reference limits.[21](#jvim15036-bib-0021){ref-type="ref"} Additionally, SDMA is not affected by changes in diet or body muscle mass,[16](#jvim15036-bib-0016){ref-type="ref"}, [22](#jvim15036-bib-0022){ref-type="ref"} unlike creatinine, which can be influenced by a number of extrarenal factors including diet or body muscle mass.[23](#jvim15036-bib-0023){ref-type="ref"}, [24](#jvim15036-bib-0024){ref-type="ref"} Therefore, SDMA concentrations might better reflect GFR in cats with increased protein intake or muscle wasting, both common findings in hyperthyroidism.[5](#jvim15036-bib-0005){ref-type="ref"} This hypothesis is supported by data from IDEXX laboratories on 1,959 hyperthyroid cats, of which 3.5% had high serum creatinine concentrations but over 20% had high SDMA concentrations.[25](#jvim15036-bib-0025){ref-type="ref"} Based on these IDEXX data, SDMA concentrations appear to detect masked CKD in hyperthyroid cats more accurately than creatinine concentrations. However, as this was a laboratory survey,[25](#jvim15036-bib-0025){ref-type="ref"} no clinical information was reported regarding cats' body weight, muscle condition, or treatment status. The influence of hyperthyroidism on SDMA metabolism in cats is not known, but in human patients with thyroid disease (without concurrent renal disease), increased SDMA concentrations are reported in both hyperthyroidism[26](#jvim15036-bib-0026){ref-type="ref"} and hypothyroidism.[27](#jvim15036-bib-0027){ref-type="ref"} This suggests that production or metabolism of SDMA might be altered by thyroid dysfunction independent of GFR.

To address these questions, we evaluated serum SDMA concentrations as a potential marker/predictor of masked azotemic CKD in hyperthyroid cats before ^131^I treatment and compared the diagnostic accuracy of SDMA for masked azotemia in these cats to that of other commonly used renal biomarkers (ie, serum creatinine and urea nitrogen concentrations; urine specific gravity). A secondary aim was to investigate the effects of successful ^131^I treatment on serum SDMA concentrations and to evaluate the influence of iatrogenic hypothyroidism on SDMA concentrations in these ^131^I‐treated cats.

Materials and Methods {#jvim15036-sec-0008}
=====================

Study Design and Selection of Animals {#jvim15036-sec-0009}
-------------------------------------

### Hyperthyroid Cats Treated with ^131^I (n = 262) {#jvim15036-sec-0010}

All hyperthyroid cats referred to the Animal Endocrine Clinic (AEC) for treatment with ^131^I over the 21‐month period from July 2015 to April 2017 were evaluated for inclusion in this prospective before‐and‐after study. To be eligible for inclusion, untreated hyperthyroid cats underwent a thorough evaluation that included review of the past medical record, complete physical examination (including body weight, body and muscle condition scoring),[5](#jvim15036-bib-0005){ref-type="ref"} routine laboratory testing (CBC and serum biochemical profile, including urea nitrogen and creatinine), determination of serum SDMA,[16](#jvim15036-bib-0016){ref-type="ref"} determination of serum thyroid hormones (total T~4~ and thyroid‐stimulating hormone \[TSH\]),[28](#jvim15036-bib-0028){ref-type="ref"}, [29](#jvim15036-bib-0029){ref-type="ref"} and qualitative and quantitative thyroid scintigraphy.[30](#jvim15036-bib-0030){ref-type="ref"}, [31](#jvim15036-bib-0031){ref-type="ref"} In cats previously treated with methimazole, the drug was discontinued \>1--2 weeks before evaluation. Finally, cats had to have successful resolution of the hyperthyroidism with the ^131^I treatment. For this study, we excluded hyperthyroid cats with pre‐existent azotemia (defined as serum creatinine \>2.1 mg/dL), either when hyperthyroid or when euthyroid on methimazole treatment. We also excluded cats whose owners did not consent to return for follow‐up evaluation (Fig [1](#jvim15036-fig-0001){ref-type="fig"}).

![Flowchart for enrollment of hyperthyroid cats into study.](JVIM-32-295-g001){#jvim15036-fig-0001}

Two hundred and seventy‐eight ^131^I‐treated cats were initially enrolled into this study. We subsequently excluded 16 cats that remained hyperthyroid 1 and 3 months after ^131^I treatment (Fig [1](#jvim15036-fig-0001){ref-type="fig"}). The remaining 262 cats were reexamined for this study at a median time of 6 months (4--8 months) after ^131^I treatment. At reevaluation, cats were weighed and had body condition and muscle condition scores assessed. Blood was collected for by measurement of serum biomarkers of renal function (creatinine, urea nitrogen, and SDMA concentrations) and thyroid function (T~4~ and TSH concentrations).

Based on results of follow‐up testing, we classified the cats as azotemic or nonazotemic. Renal azotemia was defined as a serum creatinine concentration \>2.1 mg/dL in conjunction with inadequate urine concentrating ability (urine specific gravity \[USG\] \<1.035) or persistent azotemia on 2 or more consecutive occasions (at 1‐ to 3‐month intervals) without evidence of a prerenal cause. Treated hyperthyroid cats that developed azotemia within the follow‐up period were defined as pre‐azotemic and were presumed to have had concurrent, but masked, azotemic CKD at the time of diagnosis. All other cats were defined as nonazotemic (serum creatinine concentration ≤2.1 mg/dL). We also classified the cats' thyroid status as euthyroid (both serum T~4~ and TSH concentrations within reference interval), overtly hypothyroid (low serum T~4~ with high TSH concentration), or subclinically hypothyroid (low‐normal serum T~4~ with high serum TSH concentrations), as previously defined (Fig [1](#jvim15036-fig-0001){ref-type="fig"}).[28](#jvim15036-bib-0028){ref-type="ref"}, [32](#jvim15036-bib-0032){ref-type="ref"}

### Clinically Normal, Euthyroid Cats (n = 206) {#jvim15036-sec-0011}

These cats were recruited as controls to establish reference intervals for serum urea nitrogen, creatinine, and SDMA concentrations. To be enrolled in this study, the cats had to be \>7 years of age and were considered healthy based on an unremarkable client history, physical examination (ie, none had palpable thyroid nodules or small palpable kidneys), complete blood count, serum chemistry profile, urinalysis, and serum thyroid panel (serum T~4~ and TSH).

Assays for Serum Thyroid Hormone, Urea Nitrogen, Creatinine, and SDMA Concentrations {#jvim15036-sec-0012}
------------------------------------------------------------------------------------

Serum SDMA concentrations were determined with an automatized biochemistry analyzer[1](#jvim15036-note-1003){ref-type="fn"} by a high‐throughput, competitive homogeneous immunoassay with a glucose‐6‐phosphate dehydrogenase conjugate and anti‐SDMA monoclonal antibody, validated as previously described.[16](#jvim15036-bib-0016){ref-type="ref"} ^,^ [2](#jvim15036-note-1004){ref-type="fn"},[3](#jvim15036-note-1005){ref-type="fn"} Serum urea nitrogen was measured by an enzymatic method, and serum creatinine was measured by a modified Jaffe method,[33](#jvim15036-bib-0033){ref-type="ref"} both with an automatized biochemistry analyzer.[1](#jvim15036-note-1003){ref-type="fn"} Serum T~4~ and TSH were determined by assays validated for use in cats, as previously described.[28](#jvim15036-bib-0028){ref-type="ref"}

All blood samples were centrifuged within 1 hour after collection; serum was separated and stored at 4°C until assayed for SDMA, urea nitrogen, creatinine, T~4~, and TSH by a commercial laboratory[4](#jvim15036-note-1006){ref-type="fn"} the following day.

Data and Statistical Analyses {#jvim15036-sec-0013}
-----------------------------

Data were assessed for normality by the D\'Agostino‐Pearson test and by visual inspection of graphical plots.[34](#jvim15036-bib-0034){ref-type="ref"} Data were not normally distributed; therefore, all analyses used nonparametric tests.[35](#jvim15036-bib-0035){ref-type="ref"} Results are reported as median (interquartile range \[IQR\], 25th--75th percentile) and are represented graphically as box‐and‐whisker plots. For all analyses, statistical significance was defined as *P *≤* *0.05. All statistical analyses were performed by proprietary statistical software.[5](#jvim15036-note-1007){ref-type="fn"},[6](#jvim15036-note-1008){ref-type="fn"}

We used data from the 206 clinically normal cats to establish reference intervals for serum concentrations of urea nitrogen, creatinine, and SDMA by a nonparametric method to identify the central 95th percentile interval (ie, 2.5 through 97.5th percentile range).[36](#jvim15036-bib-0036){ref-type="ref"} We also calculated 90% confidence intervals for the lower and upper limits of each reference interval (Table [1](#jvim15036-tbl-0001){ref-type="table-wrap"}).

###### 

Reference intervals for serum concentrations of urea nitrogen, creatinine, and symmetric dimethylarginine (SDMA) based on results from 206 clinically normal, older cats. The 90% confidence intervals (CI) are calculated for both the lower and upper limits of each reference interval

  Analyte                 Lower Reference Limit   90% CI     Upper Reference Limit   90% CI
  ----------------------- ----------------------- ---------- ----------------------- ----------
  Urea nitrogen (mg/dL)   17                      15--18     39                      37--39
  Creatinine (mg/dL)      0.8                     0.8--0.9   2.1                     2.0--2.1
  SDMA (μg/dL)            5                       3--6       14                      14--15

John Wiley & Sons, Ltd

Continuous variables (eg, serum urea nitrogen, creatinine, and SDMA concentrations) were compared between groups by the Kruskal‐Wallis test, followed by the Dunn\'s multiple comparisons test.[37](#jvim15036-bib-0037){ref-type="ref"} Comparisons between 2 measurements between groups or within groups (before‐after) were analyzed with the Mann‐Whitney test and Wilcoxon signed ranks test, respectively. The Chi‐square test was used to determine differences in prevalence of muscle wasting between pre‐azotemic and azotemic groups of hyperthyroid cats, as well as to determine differences in prevalence of muscle wasting before and after ^131^I treatment. Correlation testing was performed with the Spearman rank correlation coefficient.

We then calculated the sensitivity and specificity for each renal biomarker (serum creatinine, urea nitrogen, SDMA, and USG) as a predictor of pre‐azotemic CKD with both the upper reference threshold value for each variable and the value identified by receiver operating characteristic (ROC) analysis.[38](#jvim15036-bib-0038){ref-type="ref"}, [39](#jvim15036-bib-0039){ref-type="ref"} Finally, we used multivariable logistic regression,[40](#jvim15036-bib-0040){ref-type="ref"} with "azotemic" versus "nonazotemic" as the outcome variable and pretreatment body weight, body condition score, muscle condition score, age, T~4~ concentration, urea nitrogen, creatinine, USG, and SDMA, as predictor variables in a stepwise approach, to determine which variables independently helped predict development of azotemia after successful ^131^I treatment.

Results {#jvim15036-sec-0014}
=======

Cats {#jvim15036-sec-0015}
----

### All Cats with Hyperthyroidism {#jvim15036-sec-0016}

The 262 hyperthyroid cats ranged in age from 6 to 18 years (median, 12.0 years; IQR, 10--14 years). Breeds included domestic longhair and shorthair (n = 236), Maine Coon (n = 7), Siamese (n = 6), Norwegian Forest Cat (n = 3), Persian (n = 2), Russian Blue (n = 2), American Curl, Bombay, Burmese, Devon Rex, Oriental Shorthair, and Scottish Fold (1 cat each). Of these, 149 were female (56.8%) and 113 were male; all had been neutered.

Before treatment for hyperthyroidism, these cats had a median serum T~4~ concentration of 8.5 μg/dL (IQR, 6.4--11.4 μg/dL; reference interval, 0.9--3.9 μg/dL); thyroid scintigraphy confirmed bilateral thyroid disease in 157 cats (60%) and unilateral disease in 105 cats.

Cats received a median ^131^I dose of 1.9 mCi (IQR, 1.7--2.2 mCi; range, 1.2--13.9 mCi). At time of reevaluation (median, 6.0 months; IQR, 6--7 months), body weight had increased (median pretreatment, 4.5 kg \[IQR, 3.7--5.4 kg\]; median post‐treatment, 4.95 kg \[IQR, 4.1--5.9 kg\]; *P *\<* *0.001). After treatment, muscle condition improved, with the number of cats with muscle wasting decreasing from 180 (68.7%) to 107 (40.8%) cats (*P *\<* *0.001).

### Hyperthyroid Cats Divided into Pre‐Azotemic Group and Nonazotemic Groups {#jvim15036-sec-0017}

Of the 262 hyperthyroid cats in this study, 42 (16%) developed azotemia after successful ^131^I treatment (pre‐azotemic group), whereas 220 cats remained nonazotemic (Fig [1](#jvim15036-fig-0001){ref-type="fig"}). Cats with pre‐azotemic (masked) CKD did not differ from the cats that remained nonazotemic in breed or sex distribution, pretreatment body weight, or serum T~4~ concentrations (Table [2](#jvim15036-tbl-0002){ref-type="table-wrap"}). However, hyperthyroid cats with pre‐azotemic (masked) CKD were older than cats that remained nonazotemic and had a higher prevalence of muscle wasting (Table [2](#jvim15036-tbl-0002){ref-type="table-wrap"}).

###### 

Selected baseline clinicopathologic data (median; interquartile range) in 262 untreated hyperthyroid cats, divided into 2 groups: Pre‐azotemic cats, which subsequently developed azotemic chronic kidney disease after ^131^I treatment (n = 42), and Nonazotemic cats, which maintained normal serum creatinine concentrations (n = 220)

  Variable                                   Pre‐Azotemic (42)                                              Nonazotemic (220)                                              *P* Value
  ------------------------------------------ -------------------------------------------------------------- -------------------------------------------------------------- -----------
  Age (years)                                14 (12--15)                                                    12 (10--13)                                                    \<0.001
  Body weight (kg)                           3.95 (3.4--5.2)                                                4.6 (3.8--5.4)                                                 0.014
  Muscle wasting (%)                         36 (85.7)                                                      144 (65.5)                                                     0.010
  Serum urea nitrogen (mg/dL)                35 (31--39)                                                    24 (21--28)                                                    \<0.001
  Serum creatinine (mg/dL)                   1.55 (1.4--1.8)                                                1.0 (0.8--1.3)                                                 \<0.001
  Serum symmetric dimethylarginine (μg/dL)   13.5 (11--16)                                                  9 (7--10)                                                      \<0.001
  Urine specific gravity                     1.019 (1.017--1.024)[a](#jvim15036-note-0003){ref-type="fn"}   1.042 (1.031--1.053)[b](#jvim15036-note-0004){ref-type="fn"}   \<0.001
  Serum T~4~ (μg/dL)                         8.0 (5.7--10.6)                                                8.7 (6.5--11.7)                                                0.12

Urinalysis performed in 40 of the 42 pre‐azotemic cats.

Urinalysis performed in 176 of the 220 nonazotemic cats.

John Wiley & Sons, Ltd

### Clinically Normal Cats {#jvim15036-sec-0018}

The 207 healthy cats ranged in age from 7 to 19 years (median, 11.0 years; IQR, 9--13 years). Breeds included domestic longhair and shorthair (185 cats), Siamese (5 cats), American Shorthair (4 cats), Chartreux (2 cats), Maine Coon (2 cats), Norwegian Forest Cat (n = 2), Persian (n = 2), Russian Blue (n = 2), Burmese, and Manx (1 cat each). Of these cats, 115 (55.8%) were female and 91 were male; all had been neutered. These cats did not differ from the hyperthyroid cats in breed or sex distribution. However, despite an identical age range, normal cats were younger than either the pre‐azotemic or nonazotemic hyperthyroid cats (*P *\<* *0.001).

Serum Biomarkers for Renal Disease, Before and After ^131^I Treatment {#jvim15036-sec-0019}
---------------------------------------------------------------------

Untreated hyperthyroid cats had lower serum concentrations of creatinine and SDMA than clinically normal cats; urea nitrogen concentrations did not differ between hyperthyroid and clinically normal cats (Fig [2](#jvim15036-fig-0002){ref-type="fig"}). Serum concentrations of urea nitrogen, creatinine, and SDMA all increased in hyperthyroid cats after ^131^I treatment, and post‐^131^I concentrations were all higher than concentrations in the clinically normal cats (Fig [2](#jvim15036-fig-0002){ref-type="fig"}).

![Box plots of serum concentrations of renal biomarkers in 262 hyperthyroid cats (before and after ^131^I treatment) and in 206 clinically normal cats. (**A**) Urea nitrogen; (**B**) creatinine; and (**C**) symmetric dimethylarginine. For each serum biomarker, significant differences between the 3 groups of cats are indicated. Boxes represent the interquartile range from the 25th to 75th percentile. The horizontal bar in each box represents the median value. The T‐bars represent the main body of data, which in most instances is equal to the range. Open circles represent outlying data points.](JVIM-32-295-g002){#jvim15036-fig-0002}

Pretreatment serum creatinine, urea nitrogen, and SDMA concentrations were all higher, and USG was lower in the 42 cats with masked azotemia, compared with the 220 cats that remained nonazotemic after ^131^I treatment (Table [2](#jvim15036-tbl-0002){ref-type="table-wrap"}, Fig [3](#jvim15036-fig-0003){ref-type="fig"}A--C); these differences persisted after ^131^I treatment (Table [3](#jvim15036-tbl-0003){ref-type="table-wrap"}, Fig [3](#jvim15036-fig-0003){ref-type="fig"}A--C). The cats that developed azotemia after ^131^I treatment were older and had lower body weights, as well as a higher prevalence of persistent muscle wasting, than did the cats that remained nonazotemic cats after treatment (Table [3](#jvim15036-tbl-0003){ref-type="table-wrap"}).

![Box plots of serum concentrations of renal biomarkers in 262 hyperthyroid cats (before and after ^131^I treatment), divided into cats that developed azotemia and cats that remained nonazotemic after treatment. (**A**) Urea nitrogen; (**B**) creatinine; and (**C**) symmetric dimethylarginine.](JVIM-32-295-g003){#jvim15036-fig-0003}

###### 

Selected follow‐up clinicopathologic data (median; interquartile range) in 262 ^131^I‐treated hyperthyroid cats, divided into 2 groups based on serum creatinine concentration: Pre‐azotemic cats, which have developed azotemic chronic kidney disease after ^131^I treatment (n = 42), and nonazotemic cats, which maintained normal serum creatinine concentrations after ^131^I treatment (n = 220)

  Variable                                    Pre‐azotemic (42)   Nonazotemic (220)   *P* Value
  ------------------------------------------- ------------------- ------------------- -----------
  Age (years)                                 14 (12--15)         12 (10--13)         \<0.001
  Body weight (kg)                            4.6 (3.8--5.5)      4.9 (4.2--6.1)      0.050
  Muscle wasting (%)                          24 (57.1)           83 (37.7)           0.025
  Serum urea nitrogen (mg/dL)                 44 (37--48)         29 (24--34)         \<0.001
  Serum creatinine (mg/dL)                    2.5 (2.4--2.9)      1.5 (1.3--1.8)      \<0.001
  Serum symmetric dimethylarginine (μg/dL)    18 (16--22)         11 (9--13)          \<0.001
  Serum T~4~ (μg/dL)                          1.6 (1.2--2.1)      1.9 (1.5--2.2)      0.007
  Serum thyroid‐stimulating hormone (ng/mL)   0.27 (0.08--0.89)   0.10 (0.02--0.24)   \<0.001
  Recheck time (months)                       6 (5--7)            6 (6--7)            0.16

John Wiley & Sons, Ltd

Serum SDMA and creatinine concentrations showed a weak correlation in hyperthyroid cats before ^131^I treatment (r = 0.325, *P *\<* *0.001), with 19 of 262 (7.3%) cats having a high serum SDMA concentration (Fig [4](#jvim15036-fig-0004){ref-type="fig"}A). Of these, 14 cats developed azotemic CKD after ^131^I treatment, whereas the other 5 remained nonazotemic after ^131^I treatment. In these 5 nonazotemic cats, high pretreatment SDMA concentrations normalized in 3 and increased slightly in 2 cats after ^131^I treatment.

![Scatter plots comparing serum creatinine and symmetric dimethylarginine concentrations in 262 cats before (**A**) and after treatment (**B**) with ^131^I. The solid line represents the line of best fit, and the dashed lines represent the 95% confidence intervals.](JVIM-32-295-g004){#jvim15036-fig-0004}

Serum SDMA and creatinine concentrations showed a stronger correlation in hyperthyroid cats after ^131^I treatment than before treatment (r = 0.664, *P *\<* *0.001), with 60 of 262 (22.9%) cats having a high SDMA concentration (Fig [4](#jvim15036-fig-0004){ref-type="fig"}B). Of these, 38 (63%) had developed azotemic CKD, whereas 22 remained nonazotemic (Fig [4](#jvim15036-fig-0004){ref-type="fig"}B).

Serum T~4~ and creatinine concentrations showed a modest negative correlation in hyperthyroid cats before ^131^I treatment (r = −0.40; *P *\<* *0.001); serum T~4~ and SDMA concentrations showed a very weak correlation in hyperthyroid cats before ^131^I treatment (r = −0.12; *P *=* *0.049). After ^131^I treatment, serum T~4~ concentrations correlated negatively with both serum creatinine (r = −0.28; *P *\<* *0.001) and SDMA concentration (r = −0.22; *P *=* *0.0004) to a similar extent.

Sensitivity and Specificity of Renal Biomarkers in Hyperthyroid Cats {#jvim15036-sec-0020}
--------------------------------------------------------------------

Only 14 of 42 cats that developed azotemic CKD after treatment had a high pretreatment SDMA concentration (\>14 μg/dL), with a test sensitivity of SDMA as a predictor of masked azotemia of only 33.3%, but a specificity of 97.7% (Table [4](#jvim15036-tbl-0004){ref-type="table-wrap"}). Although the SDMA concentration was insensitive, it had higher test sensitivity than that of serum creatinine, even when the cutoff value for creatinine concentration was set well below the upper limit of the reference interval (Table [4](#jvim15036-tbl-0004){ref-type="table-wrap"}). Lowering the upper cutoff for serum SDMA concentration from \>14 μg/dL to \>12 μg/dL resulted in almost a 2‐fold increase in test sensitivity with only a slight decrease in specificity.

###### 

Ability of pretreatment (hyperthyroid) serum symmetric dimethylarginine (SDMA) and creatinine concentrations and urine specific gravity (USG) to predict post‐^131^I azotemia

  Variable                 Sample Size   Sensitivity (95% CI)   Specificity (95% CI)
  ------------------------ ------------- ---------------------- ----------------------
  SDMA \>14 μg/dL          262           33.3 (20--50)          97.7 (98--99)
  SDMA \>12 μg/dL          262           64.3 (48--78)          93.2 (89--96)
  SDMA \>10 μg/dL          262           78.6 (63--90)          80.5 (75--86)
  Creatinine \>1.9 mg/dL   262           11.9 (4--26)           100 (98--100)
  Creatinine \>1.7 mg/dL   262           33.3 (20--50)          98.6 (96--100)
  Creatinine \>1.5 mg/dL   262           50.0 (34--66)          95.9 (92--98)
  Creatinine \>1.3 mg/dL   262           78.6 (63--90)          84.4 (79--89)
  USG \<1.035              215           92.1 (79--98)          71.0 (64--78)
  USG \<1.030              215           89.7 (76--97)          77.8 (71--84)
  USG \<1.025              215           79.5 (64--91)          84.7 (79--90)

John Wiley & Sons, Ltd

Pretreatment USG (\<1.035) had the highest test sensitivity (92%) as a predictor of masked azotemia of any of the renal analytes, but with a lower specificity (71%) than either SDMA or creatinine concentrations (Table [4](#jvim15036-tbl-0004){ref-type="table-wrap"}).

Receiver operating characteristic analysis identified a creatinine concentration \>1.3 mg/dL or an SDMA concentration \>10 μg/dL as the best predictors of post‐treatment azotemia, although both of these cutoffs were within the reference intervals for these analytes.

Logistic regression identified pretreatment creatinine concentration, SMDA concentration, and USG (as a dichotomous variable with a threshold of 1.035) as independent predictors of post‐treatment azotemia according to the following equation: $$\text{Logit}(P) = - 15.07 + 5.42 \times \text{Creat} + 0.46 \times \text{SDMA} + 2.39 \times \text{USG}(0/1)$$

Therefore, for a cat with a creatinine of 1.2 mg/dL, an SDMA of 14 μg/dL, and a USG \<1.035, the Logit(*P*) would be 0.264, equal to a probability of 57% of developing post‐treatment azotemia. With an SDMA of 15 μg/dL, the probability would be 67% (Logit(*P*) = 0.724). Conversely, a cat with a creatinine of 1.2 mg/dL and an SDMA of 14 μg/dL but a USG \>1.035 would have a 10% probability of developing post‐treatment azotemia (Logit(*P*) = −2.16).

Effect of Post‐Treatment Thyroid Status on Serum Biomarkers for Renal Disease {#jvim15036-sec-0021}
-----------------------------------------------------------------------------

Of the 262 ^131^I‐treated hyperthyroid cats, 209 (79.8%) became euthyroid (serum T~4~ and TSH concentrations both within the reference interval), whereas 53 (20.2%) developed iatrogenic hypothyroidism. Only 5 of the 53 cats had overt hypothyroidism (low T~4~ with high TSH concentration), whereas the remaining 48 cats had subclinical hypothyroidism (low‐normal T~4~ and high TSH concentrations) (Fig [1](#jvim15036-fig-0001){ref-type="fig"}).

Iatrogenic hypothyroid cats had higher post‐treatment serum concentrations of creatinine, urea nitrogen, and SDMA concentrations than cats made euthyroid (Table [5](#jvim15036-tbl-0005){ref-type="table-wrap"}). Iatrogenic hypothyroid cats (both overt and subclinical subtypes combined) had a higher prevalence of azotemia than cats made euthyroid (Table [5](#jvim15036-tbl-0005){ref-type="table-wrap"}), but they did not differ from euthyroid cats in age, body weight, or prevalence of persistent muscle wasting (Table [5](#jvim15036-tbl-0005){ref-type="table-wrap"}). Of all 53 hypothyroid cats, cats with overt hypothyroidism had a higher prevalence of azotemia than did cats with subclinical hypothyroidism (4/5 \[80%\] versus 15/48 \[31%\]; *P *=* *0.031).

###### 

Selected baseline clinicopathologic data (median; interquartile range) in 262 ^131^I‐treated hyperthyroid cats, divided into 2 groups based on thyroid status: Hypothyroid cats, which have developed high serum thyroid‐stimulating hormone (TSH) concentration after ^131^I treatment (n = 53), and euthyroid cats, which maintained normal serum TSH concentrations after ^131^I treatment (n = 209)

  Variable                                   Hypothyroid (53)   Euthyroid (209)     *P* Value
  ------------------------------------------ ------------------ ------------------- -----------
  Age (years)                                13 (10--14.5)      12 (10--14)         0.28
  Body weight (kg)                           4.8 (3.8--5.8)     4.9 (4.2--6.0)      0.24
  Muscle wasting (%)                         26 (49.1)          85 (40.7)           0.28
  Serum urea nitrogen (mg/dL)                33 (29--40)        30 (25--37)         0.004
  Serum creatinine (mg/dL)                   1.8 (1.5--2.5)     1.6 (1.3--1.8)      \<0.001
  Serum symmetric dimethylarginine (μg/dL)   13 (11--16)        11 (9--13)          \<0.001
  Azotemia (%)                               19/53 (35.9)       23/209 (11.0)       \<0.001
  Serum T~4~ (μg/dL)                         1.4 (1.2--1.8)     1.9 (1.6--2.3)      \<0.001
  Serum TSH (ng/mL)                          0.73 (0.56--2.8)   0.08 (0.02--0.17)   \<0.001
  Recheck time (months)                      6 (6--7)           7 (6--7)            0.43
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Discussion {#jvim15036-sec-0022}
==========

The results of our study indicate that a high serum SDMA concentration (\>14 μg/dL) in an untreated hyperthyroid cat is a highly specific but insensitive test for predicting post‐treatment CKD. In our study, a high SDMA identified only a third of cats that became azotemic after treatment. Although the sensitivity of serum SDMA concentration was far from perfect, it was a much better predictor of masked azotemia than the serum creatinine concentration. Conversely, we found that a pretreatment USG \<1.035 was fairly sensitive and moderately specific for predicting azotemia. Combining results of diagnostic tests did not dramatically improve overall predictive performance of these analytes. However, by logistic regression, we found that all 3 variables (SDMA, creatinine, and USG) were independent predictors of post‐treatment azotemia, and we created a model to estimate probability of a cat developing post‐treatment azotemia with these variables. Finally, our results indicate that cats that became hypothyroid after ^131^I treatment are more likely to become azotemic than cats made euthyroid.

Serum SDMA concentrations were in the lower half of the reference interval (≤10 μg/dL) in 71% of these untreated hyperthyroid cats, likely due to the increased GFR associated with the hyperthyroid state. When cats with pre‐azotemic CKD were excluded, nonazotemic cats had even a greater proportion (80%) of serum SDMA concentrations ≤10 μg/dL, and over 90% of these cats had SDMA concentrations ≤12 μg/dL. For use as a diagnostic test for predicting masked azotemia in a untreated hyperthyroid cat, lowering the SDMA cutoff to \>12 μg/dL or \>10 μg/dL (below the reference limit of 14 μg/dL) increased the test sensitivity to 64% and 79%, respectively, while maintaining reasonable specificity (Table [4](#jvim15036-tbl-0004){ref-type="table-wrap"}). Similarly, lowering the cutoff for serum creatinine to 1.3 mg/dL or USG to \>1.030 provided the optimal points to distinguish the pre‐azotemia and nonazotemic groups of cats (Table [4](#jvim15036-tbl-0004){ref-type="table-wrap"}).

We found a weak, negative relationship between serum T~4~ and SDMA concentrations in these hyperthyroid cats before ^131^I treatment. This is unlike the results reported in human patients with hyperthyroidism, in whom investigators found a strong positive correlation between SDMA and hyperthyroid status.[41](#jvim15036-bib-0041){ref-type="ref"} This suggests that changes in SDMA concentrations in these untreated hyperthyroid cats primarily reflect changes in glomerular filtration rather than a direct effect of hyperthyroidism per se, but further studies on the metabolism of SDMA in hyperthyroid cats are warranted.

In previous studies of cats, pretreatment values for serum creatinine, urea nitrogen, or urine specific gravity have not been proven reliable in predicting development of azotemia after treatment of hyperthyroidism.[1](#jvim15036-bib-0001){ref-type="ref"}, [6](#jvim15036-bib-0006){ref-type="ref"}, [9](#jvim15036-bib-0009){ref-type="ref"} Some studies suggested that direct measurement of GFR might be useful,[3](#jvim15036-bib-0003){ref-type="ref"}, [8](#jvim15036-bib-0008){ref-type="ref"} but other studies report that measurement of GFR alone is not a reliable predictor due to significant overlap in values between pre‐azotemic and nonazotemic cats.[1](#jvim15036-bib-0001){ref-type="ref"}, [2](#jvim15036-bib-0002){ref-type="ref"} In our study, cats that developed azotemia after ^131^I treatment were older and had higher pretreatment concentrations of creatinine and urea nitrogen concentrations compared with the cats that remained nonazotemic, but there was considerable overlap in both age and renal variables. Our findings agree with the study by Williams and colleagues,[11](#jvim15036-bib-0011){ref-type="ref"} in which pretreatment concentrations of urea nitrogen and creatinine correlated with development of post‐treatment azotemia. However, one of our most important clinical findings was that cats that developed azotemia after ^131^I treatment were much more likely to have "less‐than‐maximally concentrated" USG (\<1.035) before ^131^I treatment than cats that remained nonazotemic (92% versus 29%, respectively). Our results are in contrast to what has been reported in some studies[1](#jvim15036-bib-0001){ref-type="ref"}, [6](#jvim15036-bib-0006){ref-type="ref"}, [9](#jvim15036-bib-0009){ref-type="ref"} but are similar to others.[3](#jvim15036-bib-0003){ref-type="ref"}, [11](#jvim15036-bib-0011){ref-type="ref"} The reasons for the differences are not clear, but we followed these cats longer than many of the other studies (which we consider important, because post‐treatment azotemia might not develop until 6 months after treatment),[4](#jvim15036-bib-0004){ref-type="ref"}, [12](#jvim15036-bib-0012){ref-type="ref"} and we verified persistent (and generally progressive azotemia) together with USG \<1.035 to help ensure that the cats were categorized correctly into azotemic and nonazotemic groups. In addition, most other studies failed to account for the cats that developed iatrogenic hypothyroidism, which could lower GFR and increase serum creatinine concentrations; such hypothyroid‐induced azotemia could be reversible with thyroid supplementation and might not represent true azotemic CKD.[4](#jvim15036-bib-0004){ref-type="ref"}, [12](#jvim15036-bib-0012){ref-type="ref"}, [42](#jvim15036-bib-0042){ref-type="ref"}

After ^131^I treatment, serum concentrations of SDMA, creatinine, and urea nitrogen all increased in both azotemic and nonazotemic cats, although serum concentrations of all 3 biomarkers were higher in the azotemic cats. Both groups of cats regained lost muscle mass after ^131^I treatment, which likely contributed to the increases in serum creatinine observed in these nonazotemic cats. However, the decrease in renal blood flow and GFR associated with cure of hyperthyroidism appears to be the main reason that all serum biomarker of renal function increased after ^131^I treatment.

One might question the long follow‐up time in this study, because 4--8 months (median time, 6 months) could be considered a long time between ^131^I and follow‐up, allowing new kidney disease to develop rather than simply "unmasking" of azotemia after treatment. We chose this follow‐up time because it is clear that even after high serum T~4~ concentrations normalize (by 1 month in most cats, but sometimes as long as 3 months), the serum creatinine concentrations can continue to increase over the next 3--6 months.[1](#jvim15036-bib-0001){ref-type="ref"}, [3](#jvim15036-bib-0003){ref-type="ref"}, [4](#jvim15036-bib-0004){ref-type="ref"} This is the reason that short‐term methimazole trials (\<3 months) may fail to predict pre‐azotemic CDK.[12](#jvim15036-bib-0012){ref-type="ref"} Our median follow‐up time of 6 months provided a period long enough for azotemia to develop, if the cat was in the pre‐azotemic group. Additionally, this time allowed us to confirm the presence of azotemia (creatinine \>2.1 mg/dL) by rechecking a month or so later.

In this study, 53 of these treated cats developed iatrogenic hypothyroidism, despite ^131^I doses that were much lower that given in most other studies---our median dose of ^131^I was only 1.9 mCi, approximately half that used by other investigators.[43](#jvim15036-bib-0043){ref-type="ref"}, [44](#jvim15036-bib-0044){ref-type="ref"}, [45](#jvim15036-bib-0045){ref-type="ref"}, [46](#jvim15036-bib-0046){ref-type="ref"} Most of these hypothyroid cats maintained a low‐normal serum T~4~ but had a high TSH concentration, a condition termed mild or subclinical hypothyroidism.[32](#jvim15036-bib-0032){ref-type="ref"}, [47](#jvim15036-bib-0047){ref-type="ref"}, [48](#jvim15036-bib-0048){ref-type="ref"} Only 5 (1.9%) cats developed overt hypothyroidism (low T~4~ with high TSH concentration), resulting in a much lower prevalence of overt hypothyroidism than that reported after administration of higher ^131^I doses.[43](#jvim15036-bib-0043){ref-type="ref"}, [44](#jvim15036-bib-0044){ref-type="ref"}, [45](#jvim15036-bib-0045){ref-type="ref"}, [46](#jvim15036-bib-0046){ref-type="ref"} The prevalence of subclinical and overt hypothyroidism in the cats of this study is similar to those that we have previously reported in other cats treated with low‐dose ^131^I.[28](#jvim15036-bib-0028){ref-type="ref"}

Our study confirmed that cats with iatrogenic hypothyroidism are more likely to become azotemic than cats that remain euthyroid.[11](#jvim15036-bib-0011){ref-type="ref"}, [14](#jvim15036-bib-0014){ref-type="ref"} Additionally, the proportion of cats that develop azotemia after treatment for hyperthyroidism depends, at least in part, on the degree to which the hyperthyroidism is controlled (ie, how low the serum T~4~ falls).[11](#jvim15036-bib-0011){ref-type="ref"}, [14](#jvim15036-bib-0014){ref-type="ref"} Importantly, azotemia is more likely to develop in cats with overt hypothyroidism than in cats with subclinical hypothyroidism or in ^131^I‐treated cats that become euthyroid.[11](#jvim15036-bib-0011){ref-type="ref"}, [13](#jvim15036-bib-0013){ref-type="ref"}, [14](#jvim15036-bib-0014){ref-type="ref"}, [28](#jvim15036-bib-0028){ref-type="ref"} As in previous studies, these cats with overt hypothyroidism had a higher prevalence of azotemia (80%) than did the cats with milder, subclinical hypothyroidism (31%). Overall, these hypothyroid cats had a prevalence of azotemia that was 3‐fold higher than that of the ^131^I‐treated euthyroid cats (35.9% versus 11%)---essentially, half of all iatrogenic hypothyroid cats had "unmasked" azotemic CKD.

When all ^131^I‐treated cats were categorized as euthyroid or hypothyroid, the post‐treatment serum SDMA concentrations were higher in hypothyroid cats than euthyroid cats. This increase in serum SDMA concentration in the hypothyroid cats could be expected, as hypothyroidism in known to decrease GFR both in dogs[42](#jvim15036-bib-0042){ref-type="ref"} and humans,[49](#jvim15036-bib-0049){ref-type="ref"}, [50](#jvim15036-bib-0050){ref-type="ref"} which can sometimes be normalized with thyroid hormone replacement alone.[51](#jvim15036-bib-0051){ref-type="ref"}, [52](#jvim15036-bib-0052){ref-type="ref"}, [53](#jvim15036-bib-0053){ref-type="ref"} Direct GFR measurements have not been reported in hypothyroid cats---neither before nor after levothyroxine replacement---but those studies are needed. We recently reported, however, that levothyroxine can lower serum creatinine concentrations in ^131^I‐induced (iatrogenic) hypothyroid cats with moderate azotemia,[14](#jvim15036-bib-0014){ref-type="ref"} but we know of no studies on the effect of levothyroxine on serum SDMA concentrations in hypothyroid cats---additional studies are again needed.

In cats that develop azotemia after treatment of hyperthyroidism, these findings emphasize the importance of identifying and treating iatrogenic hypothyroidism. Inasmuch as hypothyroidism might not develop for as long as 6--12 months after ^131^I treatment,[1](#jvim15036-bib-0001){ref-type="ref"}, [4](#jvim15036-bib-0004){ref-type="ref"}, [11](#jvim15036-bib-0011){ref-type="ref"} it is important to monitor for hypothyroidism (serum T~4~ and TSH) during this period. If high serum TSH concentration together with low to low‐normal T~4~ concentration is documented, levothyroxine supplementation or adjustment of antithyroid medication should be considered, especially if azotemia has developed.

One limitation of this study was that we did not measure GFR directly. Because serum creatinine concentrations remain within the reference interval until over 75% of renal function has been lost,[21](#jvim15036-bib-0021){ref-type="ref"} it is certainly possible that some of these clinically normal cats or ^131^I‐treated nonazotemic cats might have had subclinical, azotemic CKD that was missed. It is also possible that we misclassified a cat with azotemia (based on the finding of persistently high serum creatinine concentrations) that would have had a normal GFR on direct measurement. All of these deficiencies could have potentially confounded the comparison in serum SDMA concentrations among these healthy older cats and pre‐azotemic and nonazotemic hyperthyroid cats.

Our findings suggest that serum SDMA concentration and USG can help identify and predict, albeit imperfectly, hyperthyroid cats that are likely to develop azotemia after ^131^I treatment. Clinicians should evaluate these analytes before treatment and carefully monitor cats considered "high risk." Furthermore, clinicians should carefully monitor cats for iatrogenic hypothyroidism, as these cats are much more likely to develop post‐treatment azotemia and high SDMA concentrations than cats made euthyroid.
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